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Introduction {#ehf212402-sec-0005}
============

Serum potassium concentrations below and exceeding the homeostatic range of 3.5--5.0 mmol/L are typically defined as hypokalaemia and hyperkalaemia, respectively.[1](#ehf212402-bib-0001){ref-type="ref"} Both hypokalaemia and hyperkalaemia are considered burdensome electrolyte imbalances, associated with increased mortality and morbidity.[2](#ehf212402-bib-0002){ref-type="ref"}, [3](#ehf212402-bib-0003){ref-type="ref"}, [4](#ehf212402-bib-0004){ref-type="ref"}

As a consequence of renal insufficiency, patients with heart failure (HF) are at increased risk of hyperkalaemia, and medications routinely prescribed for management of HF are known to further affect serum potassium levels.[5](#ehf212402-bib-0005){ref-type="ref"} In particular, combination therapy with renin--angiotensin--aldosterone system inhibitor (RAASi) and/or mineralocorticoid receptor antagonist (MRA) agents, while recommended to reduce the incidence of hospitalization,[5](#ehf212402-bib-0005){ref-type="ref"} may further increase the risk of hyperkalaemia in this already‐vulnerable population.[6](#ehf212402-bib-0006){ref-type="ref"}, [7](#ehf212402-bib-0007){ref-type="ref"} Furthermore, the down‐titration or discontinuation of treatment to manage hyperkalaemia has been associated with worsening clinical outcomes and greater total costs in patients with HF and other co‐morbidities.[8](#ehf212402-bib-0008){ref-type="ref"}, [9](#ehf212402-bib-0009){ref-type="ref"}, [10](#ehf212402-bib-0010){ref-type="ref"}

At present, the clinical burden of hypokalaemia and hyperkalaemia among European HF patients, and relationships between serum potassium and adverse clinical outcomes in this population, is not well characterized. Existing real‐world studies have primarily focused on the chronic kidney disease (CKD) population[11](#ehf212402-bib-0011){ref-type="ref"}, [12](#ehf212402-bib-0012){ref-type="ref"}, [13](#ehf212402-bib-0013){ref-type="ref"}, [14](#ehf212402-bib-0014){ref-type="ref"} or utilized data derived from insurance‐based health care systems that may not be generalizable to other settings.[2](#ehf212402-bib-0002){ref-type="ref"} Using primary care data obtained from the Clinical Practice Research Datalink (CPRD),[15](#ehf212402-bib-0015){ref-type="ref"}, [16](#ehf212402-bib-0016){ref-type="ref"} this study developed risk equations to describe associations between serum potassium and the incidence of death, major adverse cardiac events (MACE), and RAASi discontinuation, in a UK cohort of newly diagnosed HF patients.

Methods {#ehf212402-sec-0006}
=======

Study data and patient population {#ehf212402-sec-0007}
---------------------------------

Data were obtained from the CPRD, which contains primary care records for approximately 7% of the UK population and is broadly representative of the general population in terms of age, sex, and ethnicity.[15](#ehf212402-bib-0015){ref-type="ref"}, [16](#ehf212402-bib-0016){ref-type="ref"} Data from the CPRD were linked to the Hospital Episodes Statistics database,[17](#ehf212402-bib-0017){ref-type="ref"} which contains information on all admissions, outpatient appointments, and emergency episodes recorded within National Health Service hospitals in England.

The study population composed of newly diagnosed HF patients (aged ≥18 years) listed on the CPRD between 1 January 2006 and 31 December 2015. The index date of the study was defined as the first record of HF after the study start date; consequently, patients with an HF diagnosis recorded prior to 1 January 2006 were excluded. To mitigate potential confounding, patients with CKD \[estimated glomerular filtration rate (eGFR) \<60 mL/min/1.73 m^2^\] or on dialysis prior to or at index date were excluded due to increased risk of hyperkalaemia[5](#ehf212402-bib-0005){ref-type="ref"}; however, eligible HF patients could develop CKD during follow‐up. Patients with HF and CKD were identified on the basis of Read codes (CPRD) and International Classification of Diseases‐10 codes (Hospital Episodes Statistics) provided in Supporting Information, *Table* [*S1*](#ehf212402-supitem-0001){ref-type="supplementary-material"}. Codes indicating HF type and severity, including left ventricular ejection fraction (LVEF), New York Heart Association functional classification, and N‐terminal pro‐B‐type natriuretic peptide, were not used to identify HF, due to a paucity of relevant CPRD data. Diagnoses of CKD were defined based on CKD stage (CKD 3a to CKD 5) and eGFR measurements, while Read and International Classification of Diseases‐10 codes were additionally used to define clinical outcomes and covariates. This study was approved by the Independent Scientific Advisory Committee for Medicines and Healthcare Products Regulatory Agency database research on 15 December 2016 (study protocol 16_223R).

Study design and data structuring {#ehf212402-sec-0008}
---------------------------------

The primary clinical outcomes were all‐cause mortality, MACE incidence (defined as a composite of arrhythmia, HF, myocardial infarction, and stroke), and RAASi discontinuation (defined as the first 90 day gap after the estimated end‐date of a RAASi prescription, using the medicines possession ratio). Patients receiving RAASi therapy, and dates of RAASi initiation/cessation during follow‐up, were identified using prescription data available on the CPRD; agents comprising RAASi included angiotensin‐converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), MRAs, and renin inhibitors. Hypokalaemia was defined as a serum potassium concentration of \<3.5 mmol/L, while hyperkalaemia was defined using serum potassium intervals of ≥5.0 to \<5.5, ≥5.5 to \<6.0, and ≥6.0 mmol/L.

Serum potassium was time updated during the study period, consistent with the approach of other database studies.[14](#ehf212402-bib-0014){ref-type="ref"} An illustrative example of the last‐observation‐carried‐forward methodology adopted is provided in Supporting Information, *Figure* [*S1*](#ehf212402-supitem-0001){ref-type="supplementary-material"}. Time‐updated eGFR readings were taken to be the most recently available reading at the time of each serum potassium measurement. Patient intervals were defined as the period between serum potassium measurements, and clinical events were allocated to patient intervals based on the date on which they occurred. Additional analyses examined exposure time and events that occurred within a maximum of 30 days from each serum potassium measurement; after this period, time elapsed or events recorded were discarded and the remaining data reanalysed.

Time‐updated serum potassium was analysed as a categorical variable (\<3.5, 3.5 to \<4.0, 4.0 to \<4.5, 4.5 to \<5.0, 5.0 to \<5.5, 5.5 to \<6.0, and ≥6.0 mmol/L), and patient‐years spent in each serum potassium category were calculated. Patients were followed until the first occurrence of death, loss to follow‐up, or end of study. Loss to follow‐up was defined as the date a patient was transferred out of the practice, the date that the practice left the database, or the latest recorded event date.

Statistical analyses {#ehf212402-sec-0009}
--------------------

Statistical analyses were performed using R version 3.3.2.[18](#ehf212402-bib-0018){ref-type="ref"} Patient demographics were described using means, medians, counts and/or proportions, and associated measures of variability; summary statistics were calculated according to patient characteristics at their index date. Baseline clinical measurements were described using medians and interquartile ranges, based on the first measurement taken in the 3 months following the index date. Disease history was described by counts and proportions of patients who had history of disease during the 5 years prior to their index date. Medication usage at baseline was described using counts, and the proportion of patients prescribed a medication at least once during the 6 month period centred around the index date. Missing values were omitted from all calculations relating to baseline patient characteristics, disease history, and medication usage.

Hypokalaemia and hyperkalaemia episodes were defined as the number of serum potassium measurements exceeding each threshold (\<3.5, ≥5.0, ≥5.5, and ≥6.0 mmol/L), without such a measurement in the preceding 7 days. Episodes were therefore assumed to persist for a maximum of 1 week and did not require a preceding measurement of normal serum potassium levels.

Risk equations predicting the incidence of each outcome (death, MACE, and RAASi discontinuation) were obtained by fitting a statistical model to the event count in each patient interval, using generalized estimating equations with an exchangeable working correlation structure. Events were assumed to be Poisson distributed, and the risk equations included a natural logarithm link function and an offset equal to the natural logarithm of patient‐years. Incident rate ratios (IRRs) were estimated using 4.5 to \<5.0 mmol/L as the reference serum potassium group. To account for long intervals between serum potassium measurements and the occurrence of clinical events, IRRs were re‐estimated after restricting patient intervals to a maximum of 30 days post‐potassium measurement.

Five multiply imputed data sets were produced to inform missing baseline measurements, which were carried forward using the last‐observation‐carried‐forward approach. This included serum potassium, for which imputed data represented 17% of all patient time accumulated during the study. Model coefficients and their standard errors were pooled across imputed data sets using Rubin\'s Rules.[19](#ehf212402-bib-0019){ref-type="ref"} Multiple imputation was performed on all clinical variables using the method of chained equations, as implemented in the R package 'mice',[18](#ehf212402-bib-0018){ref-type="ref"} with all candidate covariates and outcome variables from the analysis models included in the imputation models.

To control for observed factors other than serum potassium, estimated IRRs were adjusted for confounding patient demographics, clinical histories and co‐morbidities, clinical measurements, and medication usage. Model assessment and final selection were performed based on the prediction mean squared error on a randomly selected validation subsample and the quasi‐likelihood information criterion.

Results {#ehf212402-sec-0010}
=======

Baseline patient demographics and medication usage {#ehf212402-sec-0011}
--------------------------------------------------

A total of 21,334 incident HF patients were included in the study (*Figure* [1](#ehf212402-fig-0001){ref-type="fig"}), with a mean follow‐up of 3.0 years. The mean age was 73 years, 12,092 patients (56.7%) were male, 3562 (22.6%) were current smokers, and 4539 (21.3%) had a history of arrhythmia (*Table* [1](#ehf212402-tbl-0001){ref-type="table"}). Based on the earliest measurement recorded in the first 3 months post‐index, the median serum potassium concentration across the HF cohort was 4.4 mmol/L. At baseline, 9086 patients had serum potassium levels recorded, of which 372 patients were identified as having hypokalaemia (serum potassium \<3.5 mmol/L) and 1223 had hyperkalaemia (serum potassium ≥5.0 mmol/L).

![Study participation flow diagram.\
CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; eGFR, estimated glomerular filtration rate; HF, heart failure; ICD, International Classification of Diseases.](EHF2-6-280-g001){#ehf212402-fig-0001}

###### 

Baseline patient demographics and clinical histories of UK heart failure patients, stratified by serum potassium category at baseline

  Variable                                                                                  All (*n* = 21 334)   Serum potassium category at baseline (mmol/L)[a](#ehf212402-note-0002){ref-type="fn"}                                                                                                       
  ----------------------------------------------------------------------------------------- -------------------- --------------------------------------------------------------------------------------- ------------------- ------------------- ------------------- ------------------- ------------------- -------------------
  Follow‐up years, mean (SD)                                                                3.0 (2.5)            2.4 (2.2)                                                                               3.1 (2.5)           3.2 (2.4)           3.2 (2.4)           3.2 (2.5)           2.9 (2.4)           2.6 (2.4)
  Patient demographics                                                                                                                                                                                                                                                                                       
  Age (years), mean (SD)                                                                    73 (14)              79 (11)                                                                                 75 (13)             73 (13)             73 (12)             73 (12)             74 (12)             76 (12)
  Male, *n* (%)                                                                             12 092 (56.7%)       152 (40.9%)                                                                             714 (50.9%)         2000 (60.2%)        1749 (63.2%)        573 (61.0%)         139 (61.0%)         35 (62.5%)
  Current smoker, *n* (%)                                                                   3562 (22.6%)         64 (19.6%)                                                                              233 (18.6%)         626 (20.8%)         589 (23.4%)         208 (24.5%)         49 (23.7%)          13 (27.1%)
  Clinical measurements at baseline, median (IQR)[b](#ehf212402-note-0003){ref-type="fn"}                                                                                                                                                                                                                    
  Body mass index (kg/m^2^)                                                                 27.4 (23.4, 32.1)    26.2 (22.7, 30.7)                                                                       27.4 (23.5, 31.7)   27.6 (23.8, 32.3)   27.7 (23.7, 32.5)   28.4 (24.4, 33.8)   25.0 (21.7, 31.1)   24.8 (21.3, 28.2)
  SBP (mmHg)                                                                                129 (115, 141)       127 (110, 140)                                                                          130 (115, 143)      129 (115, 140)      129 (115, 141)      128 (112, 142)      125 (110, 140)      119 (110, 135)
  eGFR (mL/min/1.73 m^2^)                                                                   69 (57, 79)          65 (50, 77)                                                                             70 (58, 79)         70 (59.0, 79)       69 (57, 80)         67 (55, 77)         59 (37, 70)         49 (37, 77)
  Serum potassium (mmol/L)                                                                  4.4 (4.0, 4.7)       3.3 (3.1, 3.4)                                                                          3.8 (3.6, 3.9)      4.2 (4.1, 4.3)      4.7 (4.5, 4.8)      5.1 (5.0, 5.3)      5.6 (5.5, 5.7)      6.1 (6.1, 6.4)
  Serum phosphorus (mmol/L)                                                                 1.2 (1.0, 1.3)       1.1 (0.9, 1.2)                                                                          1.1 (1.0, 1.3)      1.2 (1.0, 1.3)      1.2 (1.05, 1.30)    1.2 (1.1, 1.4)      1.2 (1.1, 1.5)      1.4 (1.3, 1.6)
  Clinical history at baseline, *n* (%)[c](#ehf212402-note-0004){ref-type="fn"}                                                                                                                                                                                                                              
  Diabetes                                                                                  3184 (15.0%)         52 (14.0%)                                                                              204 (14.6%)         497 (15.0%)         498 (18.0%)         190 (20.2%)         45 (19.7%)          11 (19.6%)
  Myocardial infarction                                                                     2003 (9.4%)          32 (8.6%)                                                                               122 (8.7%)          358 (10.8%)         326 (11.8%)         123 (13.10%)        28 (12.3%)          3 (5.4%)
  Stroke                                                                                    1418 (6.7%)          37 (10.0%)                                                                              113 (8.1%)          232 (7.0%)          186 (6.8%)          65 (6.9%)           12 (5.3%)           3 (5.4%)
  Arrhythmia                                                                                4539 (21.3%)         109 (29.3%)                                                                             371 (26.5%)         809 (24.4%)         685 (24.8%)         231 (24.6%)         68 (29.8%)          11 (19.7%)
  Peripheral vascular disease                                                               636 (3.0%)           12 (3.2%)                                                                               35 (2.5%)           111 (3.3%)          85 (3.1%)           42 (4.5%)           7 (3.1%)            3 (5.4%)
  Chronic pulmonary disease                                                                 2901 (13.6%)         58 (15.60%)                                                                             224 (16.0%)         574 (17.3%)         478 (17.3%)         164 (17.5%)         42 (18.4%)          5 (9.0%)
  Malignancy                                                                                2095 (9.8%)          41 (11.0%)                                                                              178 (12.7%)         416 (12.5%)         318 (11.5%)         102 (10.9%)         22 (9.7%)           3 (5.4%)
  Metastatic tumour                                                                         355 (1.7%)           11 (3.0%)                                                                               36 (2.6%)           67 (2.0%)           55 (2.0%)           12 (1.3%)           5 (2.2%)            1 (1.8%)
  Rheumatic disease                                                                         560 (2.6%)           14 (3.8%)                                                                               58 (4.1%)           127 (3.8%)          83 (3.0%)           27 (2.9%)           7 (3.1%)            0 (0.0%)
  Peptic ulcer                                                                              225 (1.1%)           2 (0.5%)                                                                                18 (1.3%)           37 (1.1%)           30 (1.1%)           9 (1.0%)            1 (0.4%)            0 (0.0%)
  Dementia                                                                                  499 (2.3%)           12 (3.2%)                                                                               46 (3.3%)           69 (2.1%)           45 (1.6%)           14 (1.5%)           3 (1.3%)            1 (1.9%)
  Medication use at baseline, *n* (%)[d](#ehf212402-note-0005){ref-type="fn"}                                                                                                                                                                                                                                
  ACE inhibitors                                                                            10 957 (51.4%)       223 (60.0%)                                                                             964 (68.8%)         2435 (73.3%)        2072 (74.9%)        732 (78.0%)         174 (76.3%)         41 (73.2%)
  ARBs                                                                                      2547 (12.0%)         46 (12.4%)                                                                              240 (17.1%)         519 (15.6%)         508 (18.4%)         140 (14.9%)         37 (16.2%)          12 (21.4%)
  Renin inhibitors                                                                          11 (0.1%)            0 (0.0%)                                                                                2 (0.1%)            1 (0.0%)            2 (0.1%)            1 (0.1%)            0 (0.0%)            0 (0.0%)
  MRAs                                                                                      4017 (18.8%)         124 (33.3%)                                                                             317 (22.6%)         857 (25.8%)         873 (31.6%)         339 (36.1%)         100 (43.9%)         28 (50.0%)
  Any RAASi therapy[e](#ehf212402-note-0006){ref-type="fn"}                                 13 376 (62.7%)       298 (80.1%)                                                                             1172 (83.6%)        2890 (87.0%)        2492 (90.1%)        855 (91.1%)         209 (91.7%)         47 (83.9%)
  CCBs (DHP)                                                                                3151 (14.8%)         84 (22.6%)                                                                              309 (22.0%)         635 (19.1%)         476 (17.2%)         167 (17.8%)         38 (16.7%)          15 (26.8%)
  CCBs (non‐DHP)                                                                            1142 (5.4%)          36 (9.7%)                                                                               115 (8.2%)          228 (6.9%)          189 (6.8%)          54 (5.8%)           10 (4.4%)           3 (5.4%)
  NSAIDs                                                                                    1611 (7.6%)          38 (10.2%)                                                                              148 (10.6%)         333 (10.0%)         255 (9.2%)          99 (10.5%)          21 (9.2%)           5 (8.9%)
  Diuretics                                                                                 13 107 (61.4%)       360 (96.8%)                                                                             1265 (90.2%)        2750 (82.8%)        2220 (80.3%)        767 (81.7%)         186 (81.6%)         53 (94.6%)
  Beta blockers                                                                             9553 (44.8%)         185 (49.7%)                                                                             798 (56.9%)         1984 (59.7%)        1767 (63.9%)        614 (65.4%)         154 (67.5%)         30 (53.6%)
  Statins                                                                                   8859 (41.5%)         178 (47.9%)                                                                             739 (52.7%)         1848 (55.6%)        1619 (58.5%)        548 (58.4%)         129 (56.6%)         21 (37.5%)
  Bronchodilators                                                                           4221 (19.8%)         98 (26.3%)                                                                              358 (25.5%)         836 (25.2%)         722 (26.1%)         259 (27.6%)         61 (26.8%)          14 (25.0%)

ACE, angiotensin‐converting enzyme; ARBs, angiotensin receptor blockers; CCBs, calcium channel blockers; DHP, dihydropyridine; eGFR, estimated glomerular filtration rate; IQR, interquartile range; MRAs, mineralocorticoid receptor antagonists; NSAIDs, nonsteroidal anti‐inflammatory drugs; RAASi, renin--angiotensin--aldosterone system inhibitor; SBP, systolic blood pressure; SD, standard deviation.

Stratified baseline characteristics include only those patients with an observed serum potassium measurement recorded within +3 months of the index date.

Defined as first clinical measurement recorded within +3 months of the index date.

Defined as clinical history over 5 years (60 months) prior to the index date.

Defined as medication prescribed within ±3 months of the index date.

RAASi therapy was composed of ACE inhibitors, ARBs, renin inhibitors, and MRAs.

Despite the absence of LVEF data in our analyses, a substantial proportion of the overall HF cohort did not receive pharmacological therapies recommended for patients with reduced ejection fraction. Of note, beta blockers were received by 9553 (44.8%) patients at baseline, while RAASi agents and diuretics were received by 13,376 (62.7%) and 13,107 (61.4%) patients, respectively (*Table* [1](#ehf212402-tbl-0001){ref-type="table"}). Compared with doses recommended in European Society of Cardiology 2016 Guidelines,[5](#ehf212402-bib-0005){ref-type="ref"} the mean daily doses of individual ACE inhibitors, ARBs, and MRAs were consistently lower (Supporting Information, [*Table S2*](#ehf212402-supitem-0001){ref-type="supplementary-material"}).

Serum potassium, hypokalaemia, and hyperkalaemia {#ehf212402-sec-0012}
------------------------------------------------

A total of 3355 hypokalaemia episodes were experienced among 1969 (9.2%) patients, corresponding to a crude rate of 51.7 episodes per 1000 patient‐years (*Table* [2](#ehf212402-tbl-0002){ref-type="table"}). The incidence of hyperkalaemia was highly sensitive to the serum potassium threshold used, with 7648 (35.9%), 2725 (12.8%), and 763 (3.6%) patients experiencing at least one episode of hyperkalaemia when defined as ≥5.0, ≥5.5, and ≥6.0 mmol/L, respectively. Corresponding crude rates of hyperkalaemia were 323.5, 79.9, and 16.1 episodes per 1000 patient‐years, respectively.

###### 

Hypokalaemia and hyperkalaemia episodes among UK heart failure patients during follow‐up

  Statistic                                                                                      Hypokalaemia[a](#ehf212402-note-0008){ref-type="fn"}   Hyperkalaemia[a](#ehf212402-note-0008){ref-type="fn"}                       
  ---------------------------------------------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------- ------------------- -------------------
  Incidence of hypokalaemia and hyperkalaemia at specified serum potassium threshold                                                                                                                                                
  Total number of episodes                                                                       3355                                                   21 008                                                  5190                1044
  Episodes per patient, mean (SD)                                                                0.16 (0.69)                                            0.98 (2.30)                                             0.24 (0.95)         0.05 (0.31)
  Crude rate of episodes per 1000 patient‐years (95% CI)                                         51.7 (49.9, 53.4)                                      323.5 (319.1, 327.9)                                    79.9 (77.8, 82.1)   16.1 (15.1, 17.1)
  Patients with hypokalaemia and hyperkalaemia at specified serum potassium threshold, *n* (%)                                                                                                                                      
  No hypokalaemia and/or hyperkalaemia episodes                                                  19 365 (90.8%)                                         13 686 (64.2%)                                          18 609 (87.2%)      20 571 (96.4%)
  Exactly one episode                                                                            1342 (6.3%)                                            3658 (17.1%)                                            1733 (8.1%)         600 (2.8%)
  Exactly two episodes                                                                           334 (1.6%)                                             1487 (7.0%)                                             474 (2.2%)          107 (0.5%)
  Exactly three episodes                                                                         136 (0.6%)                                             796 (3.7%)                                              215 (1.0%)          32 (0.1%)
  Four or more episodes                                                                          157 (0.7%)                                             1707 (8.0%)                                             303 (1.4%)          24 (0.1%)
  Time (years) to next episode at specified serum potassium threshold, median (IQR)                                                                                                                                                 
  To first episode (among patients with ≥1 episodes during follow‐up)                            0.82 (0.19, 2.35)                                      0.94 (0.28, 2.34)                                       1.42 (0.48, 2.95)   1.70 (0.61, 3.44)
  First to second episode (among patients with ≥2 episodes during follow‐up)                     0.19 (0.07, 0.80)                                      0.50 (0.14, 1.18)                                       0.46 (0.11, 1.19)   0.28 (0.07, 1.04)
  Second to third episode (among patients with ≥3 episodes during follow‐up)                     0.20 (0.06, 0.71)                                      0.42 (0.12, 0.97)                                       0.37 (0.11, 0.97)   0.47 (0.20, 1.18)
  Third to fourth episode (among patients with ≥4 episodes during follow‐up)                     0.25 (0.07, 0.65)                                      0.38 (0.11, 0.90)                                       0.31 (0.10, 0.79)   0.39 (0.07, 0.67)

CI, confidence interval; IQR, interquartile range; SD, standard deviation.

Hypokalaemia and hyperkalaemia episodes were quantified as the number of serum potassium measurements \<3.5, ≥5.0, ≥5.5, or ≥6.0 mmol/L, without such a measurement in the preceding 7 days.

We observed a statistically significant association between the rate of the serum potassium testing and the proportion of measurements ≥5.0 mmol/L. Across the HF cohort, the median frequency of serum potassium measurements during follow‐up was 1.85 per year (interquartile range 1.06--3.27). When patients were stratified by serum potassium testing frequency, the proportion of measurements ≥5.0 mmol/L was greater among patients with ≥1.85 serum potassium measurements per year, compared with those with \<1.85 measurements per year (17.8% vs. 13.8%; *P* \< 0.001).

Incidence of adverse clinical events {#ehf212402-sec-0013}
------------------------------------

Adjusted IRRs for mortality were found to exhibit a U‐shaped association pattern with serum potassium (*Figure* [2](#ehf212402-fig-0002){ref-type="fig"}). Relative to the reference category (4.5 to \<5.0 mmol/L), adjusted IRRs for mortality were estimated as 1.98 (95% confidence interval: 1.69--2.33), 1.23 (1.12--1.36), 1.35 (1.14--1.60), and 3.02 (2.28--4.02), for patients with serum potassium \<3.5, ≥5.0 to \<5.5, ≥5.5 to \<6.0, and ≥6.0 mmol/L, respectively. Adjusted IRRs for MACE demonstrated a non‐significant relationship with serum potassium, which was similarly observed when the four components of MACE (arrhythmia, HF, myocardial infarction, and stroke) were considered individually in sensitivity analysis (data not shown).

![Adjusted incident rate ratios for (A) death, (B) major adverse cardiac event, and (C) renin--angiotensin--aldosterone system inhibitor discontinuation as a function of serum potassium level in UK heart failure patients. Black: full patient intervals; grey: patient intervals restricted to 30 days. Incident rate ratios were adjusted to account for confounding patient demographics, clinical histories and co‐morbidities, clinical measurements, and medication usage, as reported in Supporting Information, [*Table S3*](#ehf212402-supitem-0001){ref-type="supplementary-material"}.](EHF2-6-280-g002){#ehf212402-fig-0002}

The association between serum potassium concentration and mortality risk was more pronounced after restricting exposure time to a maximum of 30 days from each serum potassium measurement (*Figure* [2](#ehf212402-fig-0002){ref-type="fig"}). Relative to the reference category, adjusted IRRs for mortality were estimated as 2.20 (1.80--2.70), 1.35 (1.17--1.58), 1.56 (1.21--2.01), and 3.21 (2.34--4.41), for patients with serum potassium \<3.5, ≥5.0 to \<5.5, ≥5.5 to \<6.0, and ≥6.0 mmol/L, respectively. Restricting patient intervals had little impact on adjusted IRRs for MACE, which continued to exhibit a non‐significant association with serum potassium.

A J‐shaped trend in association between serum potassium and RAASi discontinuation was observed (*Figure* [2](#ehf212402-fig-0002){ref-type="fig"}); however, statistically significant associations were only observed between high serum potassium levels and RAASi discontinuation. Compared with the reference category, adjusted IRRs were estimated as 1.07 (0.89--1.28) in patients with serum potassium \<3.5 mmol/L, increasing to 1.32 (1.14--1.53) and 2.19 (1.63--2.95) among those with serum potassium ≥5.5 to \<6.0 and ≥6.0 mmol/L, respectively. After restricting patient intervals to a maximum of 30 days from each serum potassium measurement, adjusted IRRs for RAASi discontinuation increased to 1.53 (1.22--1.92) and 3.76 (2.67--5.31) among patients with serum potassium levels ≥5.5 to \<6.0 and ≥6.0, respectively.

The effect of serum potassium testing frequency on observed associations between serum potassium and adverse outcomes was explored in sensitivity analyses. After stratifying patients by the annual rate of serum potassium measurements, adjusted IRRs for mortality, MACE, and RAASi discontinuation demonstrated similar trends to the overall HF cohort; however, reduced sample sizes gave rise to wider confidence intervals and greater uncertainty (Supporting Information, [*Figures S2--S4*](#ehf212402-supitem-0001){ref-type="supplementary-material"}).

Coefficient estimates and statistical inferences relating to the fitted risk equations are summarized in Supporting Information, [*Table S3*](#ehf212402-supitem-0001){ref-type="supplementary-material"}. To illustrate their predictive outputs, *Figure* [3](#ehf212402-fig-0003){ref-type="fig"} presents expected rates of death (per 1000 patient‐years), disaggregated by the four most important predictive factors: RAASi usage, age, diuretic usage, and years from index (*Figure* [3](#ehf212402-fig-0003){ref-type="fig"} *A--D*, respectively). Thus, in addition to hyperkalaemia and hypokalaemia, mortality risk was significantly elevated in patients not prescribed RAASi, older patients, those prescribed diuretics, and as time from index increased. Nevertheless, the observed U‐shaped mortality risk profile shown in *Figure* [2](#ehf212402-fig-0002){ref-type="fig"} remained evident. Association patterns between serum potassium and MACE incidence remained weak when event rates were further disaggregated by time with HF, diuretics use, age, and history of MACE (Supporting Information, [*Figure S5*](#ehf212402-supitem-0001){ref-type="supplementary-material"}). When predicted RAASi discontinuation rates were disaggregated by diuretic usage, eGFR, insulin usage, and current smoking status, the J‐shaped association was preserved (Supporting Information, [*Figure S6*](#ehf212402-supitem-0001){ref-type="supplementary-material"}).

![Predicted incidence rates of death, disaggregated by (A) renin--angiotensin--aldosterone system inhibitor usage (dashed line: not prescribed; solid line: prescribed), (B) age (dotted line: 60 years; dashed line: 70 years; solid line: 80 years), (C) diuretic usage (dashed line: yes; solid line: no), and (D) time from index date (dotted line: 1 year; dashed line: 5 years; solid line: 10 years). The top four most important variables (according to the absolute value of the *t* statistic) were varied, with all other baseline covariates reflective of the cohort average: male; aged 73 years; non‐smoker; no history of co‐morbidities; no medications prescribed; 710 days elapsed since initial heart failure event; estimated glomerular filtration rate 67 mL/min/1.73 m^2^; body mass index 28 kg/m^2^; haemoglobin 13.9 g/dL; phosphorous 1.17 mmol/L; and white blood cell count 7.89 × 10^9^/L.](EHF2-6-280-g003){#ehf212402-fig-0003}

Discussion {#ehf212402-sec-0014}
==========

In this national patient cohort of new onset HF patients in the UK, we demonstrate the potential importance of serum potassium for HF outcomes. Both hypokalaemia and hyperkalaemia were associated with increased mortality risk. In addition, hyperkalaemia was associated with increased likelihood of RAASi discontinuation. Although we could not establish whether potassium itself was the cause or marker of high risk, our results indicate that close monitoring of potassium values is needed in HF management.

We developed risk equations that can be used to predict the incidence of mortality, MACE, and RAASi discontinuation with respect to serum potassium levels and identify clinical factors that place newly diagnosed HF patients at greater risk of adverse outcomes. Our data showed that hypokalaemia (\<4.0 nmol/L) and hyperkalaemia (≥5.0 mmol/L) were each associated with an increased risk of all‐cause mortality, while the incidence of MACE exhibited a non‐significant association with serum potassium. We observed a J‐shaped relationship between serum potassium and RAASi discontinuation with a small non‐significant increase in RAASi discontinuation associated with hypokalaemia (\<3.5 mmol/L) and greater (and statistically significant) increases in RAASi discontinuation associated with hyperkalaemia (≥5.5 mmol/L). While our results are broadly consistent with relationships observed in previous studies,[3](#ehf212402-bib-0003){ref-type="ref"}, [4](#ehf212402-bib-0004){ref-type="ref"}, [20](#ehf212402-bib-0020){ref-type="ref"}, [21](#ehf212402-bib-0021){ref-type="ref"} our approach to restrict patient time to a maximum of 30 days from each serum potassium measurement resulted in a more robust estimation of associations between hypokalaemia and hyperkalaemia and adverse clinical outcomes. Given the publicly funded nature of the UK health care system, the CPRD represents a large, long‐term data set of patients with a broad range of demographic, social, and clinical characteristics. This may imply that our results are more generalizable to other countries and health care systems, compared with those founded on relatively short‐term, claims‐based data sets.[2](#ehf212402-bib-0002){ref-type="ref"}

Adjusted IRRs estimated in our study illustrated the association between serum potassium concentrations outside 4.0--5.0 mmol/L and an increased risk of mortality among incident HF patients. In contrast, the incidence of MACE exhibited a non‐significant association with serum potassium levels in this population. Although cause of death data were not captured in this study, our findings suggest that increased mortality observed among patients with hypokalaemia and hyperkalaemia may not be related to MACE. However, given our observation that patients with hypokalaemia at baseline were more likely to have a history of arrhythmia, which may predispose them to future events, we cannot rule out that some part of mortality may be related to sudden cardiac death.

Our results are generally consistent with available literature relating elevated serum potassium to increased mortality risk in populations with cardiovascular disease, including HF patients following myocardial infarction,[22](#ehf212402-bib-0022){ref-type="ref"} cardiovascular disease patients receiving antihypertensive drugs,[23](#ehf212402-bib-0023){ref-type="ref"} and HF patients enrolled in the EMPHASIS‐HF study (a randomized, double‐blind, placebo‐controlled, multi‐centre trial in which patients with mild HF symptoms and a low ejection fraction received eplerenone or placebo).[24](#ehf212402-bib-0024){ref-type="ref"} More specifically, hypokalaemia and hyperkalaemia were each associated with increased risks of death and cardiovascular hospitalization in a large database study of 6073 chronic HF patients.[20](#ehf212402-bib-0020){ref-type="ref"} Contrary to our findings, in which the optimal serum potassium range was 4.0--5.0 mmol/L, improved outcomes were reported in patients with high‐normal potassium (5.0--5.5 mmol/L).[20](#ehf212402-bib-0020){ref-type="ref"} In a study of acute HF patients, serum potassium \>4.6 mmol/L was associated with increased risk of 90 day mortality,[21](#ehf212402-bib-0021){ref-type="ref"} while chronic HF patients had an elevated all‐cause mortality risk when serum potassium was \>4.8 mmol/L.[4](#ehf212402-bib-0004){ref-type="ref"} Moreover, serum potassium levels were independently associated with mortality in HF patients following discharge from acute HF‐related admissions.[3](#ehf212402-bib-0003){ref-type="ref"} Similar to our findings, a U‐shaped relationship between mortality and serum potassium was reported, with higher mortality risk observed at low and high potassium values.[3](#ehf212402-bib-0003){ref-type="ref"} Although comparisons between studies should consider differences in contextual settings, populations, and public health care systems, our findings illustrate the associations between serum potassium and mortality risk observed across multiple geographical locations and different co‐morbid populations.

We also report a J‐shaped association pattern between serum potassium and RAASi discontinuation risk. Adjusted IRRs presented in this study relate to RAASi discontinuation rates estimated among all patients and intervals observed during the study period, including those patients and intervals where RAASi therapy had not been prescribed. When alternative definitions of RAASi exposure were investigated, the relationship between elevated serum potassium level and increased likelihood of RAASi discontinuation persisted. The present study was restricted to an analysis of RAASi discontinuation; however, like recent literature relating serum potassium to RAASi dosing in HF patients,[25](#ehf212402-bib-0025){ref-type="ref"} our future work will seek to investigate associations between serum potassium, RAASi down‐titration, and adverse outcomes among those in UK clinical practice.

Guideline‐recommended doses of ACE inhibitors, ARBs, and MRAs have been evidenced to reduce the risk of hospitalization and death in HF patients with reduced ejection fraction,[5](#ehf212402-bib-0005){ref-type="ref"} while patients with preserved ejection fraction may be receiving these agents for other indications.[26](#ehf212402-bib-0026){ref-type="ref"} However, previous trials have demonstrated an association between RAASi use and the incidence of hyperkalaemia events among HF patients.[6](#ehf212402-bib-0006){ref-type="ref"}, [7](#ehf212402-bib-0007){ref-type="ref"} Although in line with current clinical practice, where hyperkalaemia risk is managed through down‐titration or discontinuation of such agents,[5](#ehf212402-bib-0005){ref-type="ref"}, [27](#ehf212402-bib-0027){ref-type="ref"} suboptimal dosing has been associated with increased adverse event risks and health care costs.[8](#ehf212402-bib-0008){ref-type="ref"}, [9](#ehf212402-bib-0009){ref-type="ref"}, [10](#ehf212402-bib-0010){ref-type="ref"} Such findings suggest that RAASi discontinuation is an intermediate event rather than an endpoint in its own right; thus, we included RAASi usage as a time‐varying covariate in our mortality risk equation to ensure that observed associations between serum potassium and the incidence of death were independent of RAASi use. Furthermore, although we explored potential interactions between RAASi usage and serum potassium when developing risk equations for adverse clinical outcomes, these results were not robust due to low event counts in each of the patient subdomains (e.g. 14 deaths were observed for patients on RAASi and with serum potassium ≥6.0 mmol/L).

The avoidance of hyperkalaemia requires monitoring of potassium intake, laboratory surveillance, and physician awareness of drug interactions. Guidelines recommend the combined use of RAASi and MRA agents to reduce mortality and HF hospitalizations, and emerging therapies may offer solutions to manage hyperkalaemia risk and facilitate such prescriptions in HF patients.[28](#ehf212402-bib-0028){ref-type="ref"} Novel potassium‐binding agents that effectively manage serum potassium levels may enable continued RAASi and/or MRA therapy and provide significant value in the future.[29](#ehf212402-bib-0029){ref-type="ref"}, [30](#ehf212402-bib-0030){ref-type="ref"}, [31](#ehf212402-bib-0031){ref-type="ref"}, [32](#ehf212402-bib-0032){ref-type="ref"}, [33](#ehf212402-bib-0033){ref-type="ref"}

Comparing hyperkalaemia incidence and related outcomes across epidemiological studies is at present problematic, as there is no standard definition of hyperkalaemia, nor a consistent serum potassium threshold applied. The incidence of hyperkalaemia observed in this study was highly sensitive to the serum potassium threshold used, and estimated IRRs for death and RAASi discontinuation were higher with increasing serum potassium levels. Had the sample size allowed for such analysis, further stratification of patients with serum potassium ≥6.0 mmol/L may have strengthened the association pattern between serum potassium and the incidence of death and RAASi discontinuation.

Limitations of this study are generally attributed to observational nature of this study and the constraints of the data used to inform our analyses. Firstly, serum potassium data were obtained from measurements taken during routine primary care, rather than collected according to a clinical trial protocol. Our results suggest an association between frequency of testing and the percentage of serum potassium measurements ≥5.0 mmol/L; however, observed association patterns between serum potassium and adverse clinical outcomes were not significantly influenced by testing frequency in sensitivity analyses.

Secondly, this study was limited to the data available within the CPRD. Although causality cannot be inferred from our results, we accounted for potential confounding by excluding CKD and dialysis patients and adjusting IRRs for patient demographics, clinical histories and co‐morbidities, clinical measurements (including eGFR), and medication usage. Candidate covariates included those recorded within the CPRD; as such, potential confounders not available in this data set, particularly New York Heart Association classification, N‐terminal pro‐B‐type natriuretic peptide, and LVEF, were not explicitly considered. Consequently, we were unable to adjust for HF type and severity in our analyses, and a lack of patient‐level LVEF data precluded a robust analysis of prescribed RAASi doses with respect to maintenance doses recommended in European Society of Cardiology 2016 Guidelines.[5](#ehf212402-bib-0005){ref-type="ref"} Moreover, we did not have access to serum creatinine levels and hence cannot ascertain whether RAASI discontinuation was due to increased creatinine levels, serum potassium change, or both. Additionally, we could not account for potential potassium supplement intake or potassium‐rich dietary intake of patients in the cohort.

Finally, our analyses may overestimate the incidence of hyperkalaemia, as genuine elevations in serum potassium were unable to be distinguished from pseudo‐hyperkalaemia resulting from haemolysis during venepuncture. Despite its limitations, one notable strength of the CPRD data set is its size, which allowed for statistically robust estimates of adverse clinical events risk that verified the association curves observed across different geographical locations and co‐morbid populations.

In conclusion, this study developed risk equations to describe the relationships between serum potassium and adverse clinical outcomes among incident HF patients in UK clinical practice. Serum potassium concentrations outside 4.0--5.0 mmol/L were associated with elevated mortality risk, while a J‐shaped association between categorical serum potassium and the incidence of RAASi discontinuation was observed. Our results demonstrate the potential importance of serum potassium in HF outcomes and management. Further work is needed to explore whether potassium itself causes adverse outcomes or is a marker of higher risk.
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**Table S1.** Read and International Classification of Diseases (ICD‐10) codes used to define heart failure and chronic kidney disease

**Table S2.** Renin‐angiotensin‐aldosterone system inhibitors (RAASi) use at baseline, compared to target maintenance doses recommended by European Society of Cardiology 2016 guidelines.[1](#ehf212402-bib-0001){ref-type="ref"}

**Table S3.** Model output for final risk equations

**Figure S1.** Illustrative example of time‐updated patient‐intervals based on timing of serum potassium measurements

**Figure S2.** Adjusted incident rate ratios for death as a function of serum potassium level in UK heart failure patients, stratified by the annual frequency of serum potassium measurements: (A) \<1.063; (B) 1.063 to \<1.850; (C) 1.850 to \<3.267; (D) ≥3.267. Grey: incident rate ratios for the overall cohort; black: incident rate ratios for patients stratified by serum potassium testing frequency.

**Figure S3.** Adjusted incident rate ratios for major adverse cardiac events (MACE) as a function of serum potassium level in UK heart failure patients, stratified by the annual frequency of serum potassium measurements: (A) \<1.063; (B) 1.063 to \<1.850; (C) 1.850 to \<3.267; (D) ≥3.267. Grey: incident rate ratios for the overall cohort; black: incident rate ratios for patients stratified by serum potassium testing frequency.

**Figure S4.** Adjusted incident rate ratios for renin‐angiotensin‐aldosterone system inhibitor (RAASi) discontinuation as a function of serum potassium level in UK heart failure patients, stratified by the annual frequency of serum potassium measurements: (A) \<1.063; (B) 1.063 to \<1.850; (C) 1.850 to \<3.267; (D) ≥3.267. Grey: incident rate ratios for the overall cohort; black: incident rate ratios for patients stratified by serum potassium testing frequency.

**Figure S5.** Predicted incidence rates of MACE, disaggregated by (A) time with HF (dotted line: 1 year; dashed line: 5 years; solid line: 10 years), (B) diuretics usage (dashed line: yes; solid line: no), (C) age (dotted line: 60 years; dashed line: 70 years; solid line: 80 years), and (D) history of MACE (dashed line: yes; solid line: no)

**Figure S6.** Predicted incidence rates of RAASi discontinuation, disaggregated by (A) diuretics usage (dashed line: yes; solid line: no), (B) eGFR (dotted line: 15 mL/min/1.73m^2^; dashed line: 30 mL/min/1.73m^2^; solid line: 60 mL/min/1.73m^2^), (C) insulin usage (dashed line: yes; solid line: no), and (D) current smoking status (dashed line: yes; solid line: no)
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